The crystallographic structure and surface morphology of Fe films electrodeposited from three kinds of baths, sulfate, chloride and sulfamate baths, were studied by SEM, XRD. The surface morphology and crystallographic orientation of Fe films deposited on a Ni-P amorphous substrate were varied with electrodeposition bath composition and conditions. The {211} plane appeared to be mainly a preferential orientation of films deposited from all baths examined in this study.
Introduction
The physical and chemical properties of metals are influenced significantly by their crystallographic structure, which defines the microstructure and surface morphology. The various properties of electrodeposited metal films can be controlled via the crystallographic structure, however a general theory describing the effects of structure on electrodeposited films is not yet to be developed.
In the previous paper 1) by one of the authors, the structurecontrolling factors were distinguished as follows: Metallographic structure, which is governed by the compositional ratio; crystal size, which is closely related to the melting temperature of the pure metal; surface morphology, which is related to current density, additives and plating temperature; crystallographic orientation, which varies with current density, anion species and bath temperature; and coherence with the substrate. Other factors include nodule growth and residual stress. 1, 2) The authors are presently involved in research to elucidate the factors controlling the crystallographic orientation of various electrodeposited films through a systematic investigation of fcc Ag, 3, 4) Cu, 5, 6) Pt, 7) and Ni, [8] [9] [10] bcc Cr, 11) and hcp Co, 12) Zn 13) and Cd. 14) In this study, the authors have characterized electrodeposited Fe(bcc) films in order to advance the development of a theory on how the structure of electrodeposited films might be controlled. Pure Fe films were used to patch Fe-based structures. 15) Electrodeposited Fe films primarily in the form of magnetic material alloyed with Co or Ni were studied. [16] [17] [18] Functional electrodeposited films such as these could be made more versatile and functional if effective control of the structure could be achieved. In this study, we investigate the effect of anion species in the plating bath, current density and film thickness on the surface morphology and the crystallographic orientation of Fe electrodeposited films. * 1 This Paper was Published on Journal of Japan Institute of Metals, vol. 65 No. 4 (2001). * 2 Graduate Student, Shibaura Institute of Technology. Present address:
N.E. CHEMCAT Co. Ltd., Numazu 410-0314, Japan.
Experimental
The electrodeposition conditions are shown in Table 1 . Three simple plating baths were prepared, containing sulfate, chloride or sulfamate. These baths were prepared to be as simple as possible to allow the growth of deposits to be observed clearly. All baths contained an Fe concentration of 1 mol/L, and were maintained at a temperature of 323 K (50 • C). H 3 BO 3 (0.5 mol/L) was added to the sulfate and chloride baths, and HF 2 NH 4 (0.1 mol/L) was added to the sulfamate bath as a complexing agent. The pH of the baths was kept low in order to stabilize Fe 2+ , and adjusted with H 2 SO 4 (sulfate and sulfamate baths) and HCl (chloride bath). The deposits were confirmed to be free of contaminants by energy-dispersive X-ray (EDX) spectroscopy. Cu singlecrystal substrates were used to investigate the coherency between the deposited Fe and the substrate crystallographic orientation. Conversely, amorphous substrates, Ni-P films deposited by electroless plating (363 K, 600 s, 2 µm thick) on electropolished Cu plates, were used to investigate the structure of the iron films themselves without the influence of crystallographic orientation.
The substrates were entirely covered with insulating tape except for the deposition area (10 mm × 20 mm). The bath volume was 500 mL, and an anode (Pt plate) and magnetic stirrer were used. A D.C. source was used for constant current electrodeposition. The thickness of the electrodeposited films The next step in this analysis would have been to examine the interface in detail by transmission electron microscopy (TEM) using double diffraction.
3) However, as the deposited Fe film oxidized easily, these measurements could not be made.
The coherence of the films can be determined from the minimum misfit observed in the surface morphologies shown in Figs 
where I /I {hkl} is the ratio of diffraction intensities, JCPDS · I /I {hkl} is the ratio of diffraction intensities of the JCPDS standard, and the sums represent the combined total of diffraction intensity ratios for all crystal faces. In this equation, if all preferred orientation indexes are 1, then the deposit has no preferred orientation. The highest index greater than 1 is called the preferred crystallographic orientation face.
Results and Discussion

Fe films electrodeposited on Cu single-crystal substrates 3.1.1 Coherency
Figure 1(A) shows the surface morphologies of films deposited on {100}Cu, {110}Cu, and {111}Cu substrates to a was calculated according to mass measurements taken before and after deposition. As such, this calculation represents an average film thickness, and does not reflect any unevenness of the surface. Current efficiency was about 80%, as calculated from the theoretical deposition weight. Surface morphology was observed by scanning electron microscopy (SEM), and the crystallographic orientation index, N was calculated using Wilson's equation from the results of X-ray diffraction posited films are required to grow coherently with the substrate (epitaxial growth). In order to achieved such epitaxial growth, the electrodeposited film must have minimum interface energy with the substrate. 20) In this study, thick electrodeposited films are expected to be coherent with the substrate, as indicated by the appearance of faceted grain morphologies. However, as the films become thicker, they lose their coherency with the substrate. The thickness at which the film lose this coherence is found to vary in relation to the properties of the substrate and deposited material, as well as the plating conditions. The threshold in this study is found to be 5-10 µm in a sulfate bath, <1 µm in a chloride bath, and <5 µm in a sulfamate bath.
Surface morphology of electrodeposited Fe films
The surface morphology of Fe deposited on a Ni-P amorphous substrate in a sulfate bath is shown in Fig. 3 for a range of current densities and film thicknesses. In this figure, the fine unevenness observed at 1 µm and the convexity of the deposit becomes increasingly prominent with increasing film thickness and current density.
The Fe films deposited in the chloride bath are shown in Fig. 4 . The surface morphology of the 1 µm-thick film does not change with current density. However, at 5 µm, the film was uneven at low current density (500 A·m −2 ), becoming somewhat more even at high current density. Dendrites can be seen on thicker films (10 µm) at low current density. However, the unevenness of the deposit is lower than for the thinner films at low current density. The tendency for unevenness to increase at low current density is clearer in these samples Figure 2 shows the surface morphology of films electrodeposited at a current density of 1000 A·m −2 in the three baths. In the sulfate bath, right-angled crystals formed a regular arrangement in films of 1 to 5 µm thick. The facet orientation became random when the film was increased to 10 µm. In the chloride bath, the crystal morphology was random at 1 µm, with increasing disorder as the film became thicker. In the sulfamate bath, as in the sulfate bath, the right-angled crystal facets were arranged regularly. However, the regular structure was lost at a film thickness of 5 µm. These regular arrangements are considered to be due to the coherency with the substrate. The electrodeposited Fe films lost coherency at a thickness of only 1 µm in the chloride bath.
Thickness and coherency
In many studies involving crystal substrates, electrode- surface morphology with current density is consistent with general theory. The effect of current density (over-potential) was explained by Ohno 21) and Haruyama, 22) who suggested that high overpotential results in higher rates of crystal nucleation, giving rise to a finer crystal structure and hence a smoother surface. However, one of the authors has proposed a new theory, 1) in which it is postulated that the concentration of metallic ions does not change homogeneously throughout the bath, but rather preferentially increases near the substrate (cathode). This relative concentration in the discharging zone is of little significance at low current density, at which the surface of the deposited film is rough. At high current density, the convexity of the film increases, related to a relative concentration of ions in the discharge zone. The surfaces of films deposited under these conditions are very smooth. The convex part of the film attracts more ions by acting as a focus of discharge, further increasing the convexity of the film. This may explain the mechanism of deposition.
The variations in film morphology with bath composition (anion species) can be explained in terms of specific anion adsorption, 23) and is thought to be related to the size of the anion than those fabricated using the sulfate bath. The samples deposited in the sulfamate bath are shown in Fig. 5 . Again, surface convexity increases with current density, however, the surface morphology does not vary with current density.
Surface roughness increases with film thickness for films deposited using all three of these baths, and the variation in 3.3 Crystallographic orientation of electrodeposited Fe films The crystallographic orientations of Fe films electrodeposited on the Ni-P amorphous substrate in the three different baths, as calculated from XRD measurements, are shown in Figs. 6 to 8. For the sulfate bath, there was no initial preferred orientation, irrespective of current density. With increasing thickness, the film became {211} oriented, and with increasing current density, the film became {100} oriented with a corresponding decrease in {211} orientation. For the chloride bath, as for the sulfate bath, there was no initial preferred orientation. The {211} orientation became more prominent with increasing thickness, eventually being replaced with the {110} orientation at greater thicknesses. However, the orientation index of these samples was lower than those fabricated using the sulfate bath. For the sulfamate bath, there is no initial preferred orientation, however a dominant orientation became apparent with increasing thickness. At low current density, the {100} orientation was dominant, while at high current density, the {100} plane disappeared to be replaced with {211}.
For films deposited from all baths, the initial crystal orientation is highly random, with no preferred direction. This can be attributed to the influence of the amorphous substrate. Nucleation and growth were initially random, which is desirable for these deposition conditions. The inherent orienand the mobility of the anion in the bath. This hypothesis will be examined in detail in future studies. and sulfamate baths had fine surfaces with no orientation at a thickness of 1 µm, but exhibited faceting grains with {211} orientation at 5 µm, which is consistent with Ohno's result. 14) However, the 5 µm film deposited in a chloride bath formed as granular crystals at all current densities, and dendrite crystals formed in even thicker films (10 µm). Films of this thickness have no crystallographic orientation because of their dendritic structure.
Comparing the surface morphologies shown in Figs. 3 to 5 and the crystallographic orientations shown in Figs. 6 to 8, it can be seen that the surface morphology does not reflect the orientation of the Fe film deposit. However, the {211}-oriented films deposited in a chloride bath exhibit dendritic crystals.
Conclusion
(1) Electrodeposited Fe films are found to grow coherently with Cu single-crystal substrates.
(2) Fe films deposited on a Ni-P amorphous substrate from all baths exhibit an even surface at thin film thicknesses. The convexity of films deposited from sulfate and chloride baths decreases with increasing current density, whereas that of films deposited from a sulfamate bath is invariant with current density.
(3) The surface morphology of electrodeposited Fe films varies with the anion species in the bath, whereas the crystallographic orientation {211} does not.
(4) There is no concrete relationship between crystallographic orientation and surface morphology for electrodeposited Fe films, which contradicts general theory.
